Denervation rapidly (within 24 h) induces insulin resistance of several insulin-responsive pathways in skeletal muscle, including glucose transport; resistance is usually maximal by 3 d. We examined the effect of denervation on the expression of two glucose transporter isoforms (GLUT-1 and GLUT4) in rat hindlimb muscle; GLUT4 is the predominant species in muscle. 1 d postdenervation, GLUT-1 and GLUT4 mRNA and protein concentrations were unchanged. 3 and 7 d postdenervation, GLUT4 mRNA and protein (per microgram DNA) were decreased by 50%. The minor isoform, GLUT-1 mRNA increased by S00 and 100%, respectively, on days 3 and 7 while GLUT-1 protein increased by -60 and -100%. The data suggest that the insulin resistance of glucose transport early after denervation does not reflect a decrease in total glucose transporter number, however, decreased GLUT4 expression may contribute to its increased severity after 3 d. Parallel decreases in GLUT-4 mRNA and GLUTA protein postdenervation are consistent with pretranslational regulation; 
Introduction
The transport ofglucose into most mammalian cells occurs by facilitated diffusion, and is mediated by a multigene family of transmembrane glycoproteins (reviewed in reference 1). Five distinct isoforms of mammalian facilitative glucose transporters differing in their tissue distribution and putative functional properties have been cloned. Each member shares 40-60% overall amino acid homology, with the putative transmem-brane a-helical domains containing the regions of highest homology.
In view of its mass, skeletal muscle is a critical site of glucose homeostasis. Insulin stimulates glucose transport into skeletal muscle, cardiac muscle, and adipose tissue by promoting the translocation of glucose transporters from an intracellular pool to the plasma membrane and by increasing their intrinsic activity (reviewed in references 2 and 3). These tissues express two known glucose transporter isoforms; GLUT-1 and GLUT-4' (1) . GLUT-l (also known as the HepG2 or erythroid/brain glucose transporter [2] ) is distributed ubiquitously among tissues, is located primarily in the plasma membrane and is believed to be responsible mainly for basal glucose uptake. Conversely, GLUT-4 (the muscle/fat glucose transporter [2] ) is expressed only in the above-mentioned insulin-sensitive tissues, and is located predominantly in intracellular vesicles which translocate to the plasma membrane in response to insulin.
Denervation ofskeletal muscle rapidly induces insulin resistance involving multiple insulin-sensitive pathways, including glucose transport (4) (5) (6) . Insulin binding (4, 7) , insulin receptor activation (7) , circulating insulin, and glucose levels are unaffected and the effects of denervation can be mimicked by immobilization (8) . The role of the glucose transporter in postdenervation insulin resistance has not been addressed.
Levels of both GLUT-1 and GLUT-4 mRNA and protein can be regulated by several stimuli (reviewed in references 3 and 9). GLUT-l mRNA expression in rodent fibroblasts, brain, or neuronal cells is increased by growth factors (10) (11) (12) (13) (14) , glucose deprivation (15) , and cellular transformation (12, 16, 17) . GLUT-4 mRNA and protein decrease in adipocytes (18) (19) (20) (21) and to a lesser extent in muscles (3, 19, 22) of rats with insulinopenic diabetes; whereas in fasted rats GLUT-4 expression is decreased in adipocytes (20, 21, 23) and increased in muscle (23) . In this paper we examined the effect of denervation on the total expression of GLUT-1 and GLUT-4 in rat hindlimb muscles. 7 d after unilateral denervation, gastrocnemius and soleus muscles from both hindlimbs were excised from anesthetized rats, immediately frozen in liquid nitrogen and pulverized in a mortar at -70'C. Total RNA, DNA, or cell membranes were isolated from the frozen powder as described below. In some experiments, kidney, liver, brain, and epidymal fat pads were also removed, frozen, and RNA or membranes prepared for analysis.
Methods
Extraction and quantitation ofRNA and DNA. RNA was isolated by the acid guanidinium thiocyanate-phenol-chloroform extraction method ofChomczynski and Sacchi (27) . Quantity and purity ofRNA was assessed by UV absorbance at 260 and 280 nm; the 260/280 absorbance ratio was typically 1.8. DNA was extracted and quantified using a modification of the Burton assay (28) .
Northern blot analysis. RNA (30 ug) was denatured by heating to 650C for 10 min in 50% formamide, separated by electrophoresis on 1% agarose-formaldehyde gels and transferred to nylon membranes (Gene Screen; Dupont-New England Nuclear). Quantity and integrity of RNAs were confirmed by staining with ethidium bromide.
The probes used for analysis ofglucose transporter mRNAs were a 436-bp Bam HI fragment from rat brain GLUT-1 cDNA (25) (prGT-B436H2) and a 2-kb Sal I fragment from human GLUT-4 cDNA (pGEN4Z-AMT [29] 
Results
GLUT-I and GLUT-4 mRNA expression. The tissue-specific expression ofGLUT-I and GLUT-4 mRNA was confirmed by hybridization of cDNA probes to total RNA isolated from rat skeletal muscle, epididymal fat, kidney, brain, and liver (data not shown). GLUT-l cDNA hybridized to RNA from each tissue except for liver, which expresses almost exclusively GLUT-2 (1); with the highest levels of GLUT-l detected in kidney and brain (1, 35) . Of the tissues studied, hybridization of GLUT-4 was detected only in skeletal muscle and epididymal fat (1, 28 (Table I) . Therefore, the RNA/DNA ratio was decreased -8 and -30% 3 and 7 d after denervation, respectively. The effects ofdenervation on GLUT-l and GLUT4 mRNA after 3 d were similar whether evaluated based on total DNA or total RNA. GLUT-1 and GLUT-4 mRNA levels (per microgram DNA), were -172 and -56% of controls, respectively, 7 d after denervation (Fig. 2) . Thus, when expressed on a per cell basis, GLUT-4 mRNA was reduced similarly 3 and 7 d after denervation, whereas the increase in GLUT-1 expression observed on day 3 tended to return towards control values by day 7. Assuming similar labeling efficiencies for the two probes (which were labeled to similar specific activities), the ratio of GLUT-l to GLUT-4 mRNA was -1:20 in control muscles compared to -1:2 3 d postdenervation. a-Skeletal muscle actin mRNA levels were not significantly changed 1 (Fig. 3 and Table II ). Protein recovery in the total membrane pellet was 0.94±0.03 mg/g muscle wet wt (n = 39) in control muscles and there was no significant difference in protein yield per gram tissue between control and denervated muscles at any time point. The GLUT- 1 Effect of denervation on relative amounts of glucose transporter mRNAs. RNA and DNA isolation, and Northern blot analyses were performed as described in legends to Fig. 1 and Table I weaker than that of GLUT-4. In experiments where immunoblots ofGLUT-I and GLUT-4 ofthe same membrane preparation were performed by the identical procedure and specifically bound 125I-IgG was quantitated by y-counting, the specific radioactivity (per microgram protein) associated with the glucose transporter in control muscles was 14.2±2.8-fold greater after exposure to the antibody specific for GLUT-4 than after exposure to anti-GLUT-I antibody (n = 6). However, because the two antibodies may display different binding kinetics, the relative abundance ofthe two glucose transporter isoforms in mus- (6) Muscle membranes from control and denervated hindlimb muscles were prepared, separated by SDS-PAGE, transferred to nitrocellulose membranes and incubated with specific antibodies to the carboxyl termini of GLUT-I or GLUT-4, developed and quantitated as described in Fig. 3 and in Methods. Equal amounts of control and denervated muscle membrane proteins from the same rat were applied to gel, 50Mgg for analyses ofGLUT-4 and 100 jsg for GLUT-1.
The data shown are expressed as ratios of (denervated/control) X 100, normalized to protein or to DNA/g muscle (from Table I ). (n), number of muscle preparations from separate rats. * P < 0.01 vs. control; t P < 0.05 vs. control.
cle cannot be extrapolated from these data. The method is useful, however, in quantifying relative changes in the abundance of either isoform in response to stimuli, i.e., denervation. 1 d denervation did not affect the concentration of either GLUT-I or GLUT-4 protein in skeletal muscle. Based on equal amounts of membrane protein, GLUT-I was -70 and 150% more abundant in muscles 3 and 7 d after denervation, respectively, than in controls. Based on DNA, GLUT-I protein was increased by 60 and 90% vs. controls, 3 and 7 d after denervation, respectively. This increase is much less than that observed with GLUT-I mRNA, which increased by -500% 3 d after denervation (Fig. 2) , suggesting that GLUT-I protein content in skeletal muscle reflects in part regulation distal to transcription. In contrast, GLUT-4 protein expression (Fig. 3 and Table II) paralleled that of GLUT-4 mRNA (Fig. 2) ; based on muscle DNA. both GLUT-4 protein and mRNA abundance was reduced by -50% 3 and 7 days after denervation.
Discussion
Reduced insulin-stimulated glucose transport has been observed in vivo as early as 3 h after denervating rat hindlimb muscles (6) and in in vitro transport assays carried out 24 h after denervation in vivo (4, 37, 38) , a time when we did not observe significant changes in transporter message or protein levels. The in vitro studies of glucose transport involved brief (-60-min) incubations of soleus and extensor digitorum longus muscles (4), which were isolated from rats younger than those used in the present studies; whereas in vivo transport assays (6) utilized rats which were somewhat older than those used here. The method of denervation, i.e., sciatotomy, was identical in each-study, and the early impairment of insulin stimulated glucose transport after denervation was demonstrable in both fast-twitch and slow-twitch muscles (4, 6). The time of onset and the severity ofinsulin resistance after denervation may be fiber type dependent; it was detected earlier and appeared more severe in soleus and plantaris muscles than in gastrocnemius in in vivo studies (6) . Although glucose transport was not measured in the present study, correlation with previous work suggests that the effect of denervation on the insulin resistance of glucose transport precedes changes in the expression ofglucose transporter isoforms. Furthermore, in 24-h-denervated rat soleus muscles, the insulin resistance of glucose transport is reversible in vitro, in the absence of protein synthesis (37) , again suggesting that this condition does not reflect a reduction in the total glucose transporter pool.
We did find, however, a decrease in GLUT-4 and an increase in GLUT-l mRNA and protein in muscle tissue 3 d after denervation. Maximal insulin resistance ofglucose transport is not achieved until 3 d after denervation when assayed in vitro (5, 38, 39) or in vivo (6) . In addition, in vivo studies ofgastrocnemius and plantaris muscles, reported increased basal glucose transport 3 d after denervation; some of the effects were fiber type dependent (6, 40) . Although both glucose transporter isoforms are capable ofinsulin-stimulated translocation, GLUT-1 is thought to reside primarily in the plasmalemma and to contribute mainly to basal glucose transport, whereas in the basal state, GLUT-4 resides primarily in intracellular vesicles, which translocate to the plasma membrane in response to insulin (2, 3, 9) . An increase in the concentration of GLUT-1 3 d postdenervation could therefore contribute to enhanced basal glucose transport (6) . Similarly, the -50% decrease in the total GLUT-4 protein pool, may contribute to the increased severity of the insulin resistance of denervated muscles after 3 d. The lack of change in total glucose transporter number early after denervation, does not preclude the existence ofchanges in their subcellular distribution, intrinsic activity, or affinity for glucose. Because concommitantly with its effect on glucose transport, denervation also causes insulin resistance of other insulin-responsive pathways in muscle, i.e., glucose-independent activation ofglycogen synthase (4, 5) and amino acid transport (6), it is tempting to speculate that denervation may impair signal transduction between the activated insulin receptor and some early response element(s) (37, 38) . Similarly to the present observations in denervated muscles, in muscles of streptozotocin diabetic rats, the insulin resistance ofglucose transport precedes reductions in GLUT-l and GLUT-4 protein (22) .
The observed decrease in GLUT-4 mRNA abundance may represent transcriptional regulation orchanges in mRNA stability. After denervation total RNA and protein decrease in parallel, however, discoordinate regulation for the synthesis of several muscle proteins has been reported (41) (42) (43) (44) . GLUT-4 is the major glucose transporter isoform expressed in skeletal muscle (1) (2) (3) . Our data indicate that it belongs to the group of muscle mRNAs and proteins which decrease after denervation; it was reduced by 50%, similar to a-skeletal muscle actin mRNA ( [36, 41] and Fig. 2 ).
The cell-type responsible for the increased expression of GLUT-l was not identified in these studies. After denervation of vertebrate skeletal muscle interstitial cells undergo a transient proliferative response, which peaks on days 2-4 and is not accompanied by infiltration of inflammatory cells (45) . This well characterized but poorly understood phenomenon is thought to represent a limited regenerative response, which may be elicited by trophic factors released by degenerating axons, Schwann cells and denervated muscle fibers (45) (46) (47) .
Satellite cell proliferation is minimal within 1 wk after denervation (45, 46) . Among the cell types that occupy interstitial spaces between muscle fibers are Schwann cells, perineurial cells, capillary endothelial cells, and fibroblasts, the latter are considered the major participants in mitosis (45, 47) . Fibroblast proliferation occurs preferentially near synaptic junctions, which comprise < 0.1% of muscle surface area (47) but has been observed along the entire length of muscle fibers (45) . Due to their small size, interstitial cells comprise a small portion oftotal muscle mass, but represent -40% oftotal muscle DNA (45) . In the present study, on the third day after denervation, GLUT-l mRNA had increased sixfold, yet we observed no significant increase in DNA content per gram muscle (Table  I) . Therefore, it seems less likely that the observed increase in GLUT-1 mRNA represented merely an increase in the number of interstitial cells (which presumably express GLUT-l constitutively) rather than increased expression ofGLUT-I by some type(s) of interstitial cells and/or muscle cells.
Immunofluoresence studies of innervated rat diaphragms indicate that GLUT-l is most abundant in the perineurial sheath of cells surrounding nerve fibers (48) . In preliminary, immunocytochemical studies (data not shown) we confirmed the above observation in control and in 3 d denervated rat hindlimb muscles. Whereas cells comprising the perineurial sheath were clearly immunostained by the anti-GLUT-1 antibody, our methods lacked the sensitivity to identify GLUT-l in muscle cells, or to identify site(s) ofincreased immunostaining in denervated muscle. (Note that whereas GLUT-l mRNA concentration had increased sixfold, the concentration of GLUT-1 protein in total cell membranes [ Table II ] had increased by only -60% 3 d after denervation.)
Although we have no direct evidence to indicate that the increase in GLUT-1 expression after denervation occurred in muscle cells, this would be consistent with other known effects of denervation on muscle gene expression. Denervation induces dramatic reexpression of embryonic or neonatal isoforms of several skeletal muscle mRNAs or proteins, including a-cardiac actin, myosin heavy chain, the a-subunit of the acetylcholine receptor and a voltage-sensitive sodium channel (41) (42) (43) (44) . Developmental studies suggest that this phenomenon reflects the absence of selective gene repression by nerve stimuli (41) (42) (43) (44) . The increase in GLUT-l mRNA could reflect, in part, a generalized dedifferentiation response of muscle to denervation, even though this response is usually not biphasic (41) (42) (43) (44) . Whereas it is not known that GLUT-l is the embryonic form ofthe glucose transporter in skeletal muscle, it is the predominant isoform expressed in muscle-derived cell lines (3, 49, 50) . In the L-6 muscle cell line, GLUT-l is the major and GLUT-4 the minor glucose transporter isoform; the expression of the two isoforms appears to be differentially regulated (49).
GLUT-l decreases while GLUT-4 increases in the course of differentiation in L-6 cells, whereas basal glucose transport decreases and insulin responsiveness increases concommitantly (50) . Similarly, GLUT-4 mRNA is induced during differentiation ofNIH 3T3-L1 preadipocytes to adipocytes, and increases in parallel with the insulin response of glucose transport; GLUT-l mRNA is unchanged (51, 52) or decreases concommitantly (53) . In parallel with GLUT-4 mRNA induction, differentiating adipocytes also acquire the ability to segregate glucose transporter isoforms into miscrosomes and to translocate them to the cell membrane in response to insulin or IGF-1(51).
The biphasic time course ofGLUT-I mRNA expression in 1550 denervated skeletal muscle tissue suggests the possible involvement of trophic factors. In cell culture systems, GLUT-I mRNA increases in response to growth factors including insulin, PDGF, FGF, and phorbol esters (3, 9, (10) (11) (12) (13) (14) . Denervated muscle cells and/or degenerating nerve fibers may release insulinlike or other growth factors into interstitial spaces (54) which may induce GLUT-I mRNA expression as well as fibroblast proliferation at synaptic junctions.
The decrease in GLUT-4 protein after denervation essentially paralleled changes in the concentration of its mRNA, suggesting that in denervated muscle GLUT-4 protein expression is regulated by mRNA availability. In contrast, the lack of quantitative or temporal parallelism between the increases in GLUT-I mRNA and protein in denervated muscle tissue (compare Fig. 2 and Table II ) suggests a more complex regulation ofGLUT-I protein expression. This could involve processing or translation of the message or processing and/or degradation of GLUT-I protein. Posttranscriptional regulation of GLUT-I expression has been observed in cultured fibroblasts (55) and neuronal cells (14) .
Whereas there is convincing evidence for the differential regulation of GLUT-I and GLUT-4 expression in adipocytes (9, 18-21, 23, 51-53, 56) and in a muscle-derived cell line (49, 50) , there is less information concerning their regulation in skeletal muscle tissue (3, 9) . Fasting (23) and insulinopenic diabetes (22) affect GLUT-I and GLUT-4 expression by rat muscle tissue in parallel, both increase with fasting and decrease with diabetes. In contrast, the expression of GLUT-1 and GLUT-4 in skeletal muscle tissue is affected differentially by denervation; the decrease in GLUT-4 expression most likely occurs almost exclusively in muscle cells (adipocytes in muscle tissue may be minor contributors), whereas the increased expression of GLUT-I may primarily involve interstitial cells and/or muscle cells. The expression of glucose transporter isoforms in skeletal muscle tissue may be controlled in part by nervous stimuli and/or contractile activity. A decrease in skeletal muscle GLUT-4 may contribute to the impaired glucose tolerance with insulin resistance frequently observed in patients with spinal cord injuries and other neuromuscular disorders (56 and references therein, 57).
